Spectral properties of entangled photons generated via type-I frequency-nondegenerate spontaneous parametric down-conversion are studied theoretically and experimentally. For monochromatic pumping, the joint spectral intensity function for the photon pair is found to be symmetric even though each photon has a different central wavelength. The single-photon (first-order) interference shows the familiar triangular interferogram, usually associated with the cw-pumped frequencydegenerate type-II spontaneous parametric down-conversion. For broadband (ultrafast) pumping, on the other hand, the joint spectral intensity function is shown to be asymmetric, similarly to the case of ultrafast-pumped frequency-degenerate type-II spontaneous parametric down-conversion. The spectral studies reported here are expected to play an important role in developing ultrabright two-color entangled photon sources.
I. INTRODUCTION
The spontaneous parametric down-conversion (SPDC), a second-order nonlinear optical process in which a higher energy pump photon is split into a pair of lower energy daughter photons inside the nonlinear crystal [1] , has played important roles in the recent progress of experimental quantum optics and quantum information. The SPDC process was initially used for studying nonclassical properties of light [2] [3] [4] [5] [6] and foundational problems in quantum physics [7] [8] [9] . In the recent years, the SPDC process is essential in experimental quantum information as the most practical and efficient source of entanglement in polarization [7, [10] [11] [12] [13] [14] , in energy-time [15] [16] [17] [18] , in position-momentum [19] [20] [21] , in photon-number-path [3, 22, 23] , and in other variables [24] [25] [26] .
The physical properties of SPDC radiation is determined by the phase matching condition which is characterized with the polarization, frequencies, and the propagation directions of the interacting photons. Of particular importance is the single-and joint-spectral properties of SPDC photons not only because they determine the amount of inherent entanglement between the SPDC photons [27] [28] [29] but also because entanglement in other photonic degrees of freedom is significantly affected by the spectral properties of SPDC.
For type-II SPDC, in which the down-converted photons have orthogonal polarization, the spectral properties are now well-studied both by frequency-selective detection [30] [31] [32] and by interferometric detection [33] [34] [35] [36] of the SPDC photons. For type-I SPDC, the downconverted photons are identically polarized and this in general requires that the phase matching function to be * Electronic address: simply@postech.ac.kr † Electronic address: yoonho@postech.ac.kr treated differently from the case of type-II SPDC, resulting different spectral properties [36] . In particular, frequency-degenerate type-I SPDC exhibits the differences most clearly and we have recently reported detailed experimental and numerical studies on spectral properties of frequency-degenerate type-I SPDC photons [37] . Note that frequency-degenerate SPDC leads to two photons that have the same central frequencies but with negative frequency correlation between the photon pair [31, 37] . It is also worth reminding that the quantum state of the photon pair should be described as a coherent quantum superposition of many frequency-anticorrelated photon pair amplitudes, not as a classical mixture. Recently, the frequency-nondegenerate SPDC, in which the two entangled photons have different central frequencies, have found to be important in implementing a wide variety of quantum information protocols, including quantum communication [14, 38, 39] , highdimensional quantum states [40] [41] [42] [43] , a photon-matter quantum interface [44, 45] , quantum metrology [46, 47] . For type-II SPDC, the frequency-nondegenerate case is expected to exhibit similar spectral properties to the frequency-degenerate case since the phase matching function is treated the same. On the other hand, for type-I SPDC, the frequency-nondegenerate case and the frequency-degenerate case are expected to exhibit different spectral (hence temporal) properties as the analytical treatment of the phase matching function must differ due to the large differences in the group velocities of the frequency-nondegenerate SPDC photons [36] . To date, however, the spectral properties of frequencynondegenerate type-I SPDC have not been subject to extensive experimental studies.
In this paper, we report experimental and theoretical studies on the spectral properties of entangled photons generated via frequency-nondegenerate type-I SPDC for both cw-and ultrafast-pumping configuration. The joint spectral properties are investigated by experimentally mapping the two-photon spectral intensity function and the single-photon spectra are studied by observing the first-order interference with a Michelson interferometer. The spectral properties of frequency-nondegenerate type-I SPDC will then be compared with those of type-II SPDC [31, 32] and frequency-degenerate type-I SPDC [33, 36, 37] .
II. SPECTRAL PROPERTIES OF TYPE-I SPDC
For the SPDC process to occur in a noncentrosymmetric crystal, the photons involved in the SPDC process should satisfy the phase matching condition, k 1 + k 2 = k p , and ω 1 +ω 2 = ω p . Here k p and ω p refer to the momentum and the frequency of the pump photon. Since the phase matching is not perfect due to the material dispersion and the finite thickness of the nonlinear crystal, the phase mismatch function ∆ = k p − k 1 − k 2 is non-zero.
Assuming that the pump photon propagates in the z direction and is not tightly focused, the transverse (in the x-y plane) phase matching can be regarded to be perfect, ∆ ⊥ = k 1⊥ + k 2⊥ ≈ 0, and this condition gives rise to a strong transverse quantum correlation between two SPDC photons [46] . However, the longitudinal phase mismatch, ∆ z = k p − k 1z − k 2z , cannot be ignored and it is, in fact, the longitudinal phase mismatch that mainly affects the spectral properties of SPDC photons.
The longitudinal phase mismatch ∆ z in type-I SPDC can be calculated to be [37] ,
where k p (λ p , Ψ) = 2πn eff (λ p , Ψ)/λ p . Here Ψ and n eff , respectively, are the angle of the optic axis with respect to k p and the effective refractive index of the pump photon. The angle θ 
The quantum state of SPDC is then written as [30] 
where C is a constant, L is the crystal thickness, and ∆ z is the longitudinal phase mismatch term defined in eq. (1) . The pump envelope is assumed to be Gaussian,
, where σ p and Ω p are the bandwidth and the central frequency, respectively, of the pump laser. Finally, a † 1 (ω 1 ) and a † 2 (ω 2 ) are the creation operators for the signal and the idler photons of frequencies ω 1 and ω 2 , respectively. Clearly, the spectral properties of SPDC photons are contained in the joint spectrum intensity function
The phase matching function sinc 2 (∆ z L/2) determines how the energy of the pump photon is distributed to the down-converted photons and the pump envelope function E 2 p (1/λ 1 + 1/λ 2 ) governs the strength of frequency correlation of two down-converted photons. Since the pump envelope function depends on the sum of the frequencies of the two down-converted photons, it is always symmetric with respect to the λ 1 = λ 2 line. Thus, symmetry (or asymmetry) of the joint spectral intensity function S is primarily determined by the shape of the phase matching function sinc 2 (∆ z L/2). The two-photon joint spectral intensity function as well as the single-photon spectra can then be evaluated from eq. (3) by setting the collection angles to correspond to the conditions of the experiment, e.g., the aperture size and the locations of the irises [37] . It is convenient to re-write the phase mismatch function, eq. (1), in the frequency domain as, (4) where
By introducing the detuning frequency ν i with
, each term in eq. (4) can be expanded as
where Ω i are the central frequencies of the downconverted photons, and k
Since ∆ z is nonzero but very small, only leading order terms are considered in eq. (5). Finally, the phase mismatch function in eq. (4) can then be evaluated as
using the fact that
The differences between the frequency-degenerate and the frequency-nondegenerate type-I SPDC can now be seen in eq. (6). For frequency-degenerate type-I SPDC, Ω 1 = Ω 2 so that the phase mismatch function satisfies the relation ∆(
, exhibiting symmetry about the ν 1 = ν 2 axis. On the other hand, the phase mismatch function for frequency-nondegenerate type-I SPDC exhibits asymmetry about the ν 1 = ν 2 axis due to the fact that ∆(
, similarly to the case of type-II SPDC.
III. CW-PUMPED FREQUENCY-NONDEGENERATE TYPE-I SPDC
For cw-pumped type-I SPDC, we may assume that the pump is monochromatic, i.e., ν p = 0, and thus ν 1 = −ν 2 = ν. Then, the phase mismatch function in eq. (6) simplifies to
and the pump envelope function (3) is approximated as δ(ν 1 +ν 2 ). Note that the phase mismatch function for frequency-nondegenerate type-I SPDC in eq. (7) is proportional to the first-order of the detuning frequency ν, just as in the case of type-II SPDC [30, 31] . On the other hand, for frequencydegenerate type-I SPDC, the phase mismatch function involves ν 2 terms as the first-order terms cancel out [37] . As a result, frequency-degenerate type-I SPDC exhibits a very broad spectral width, much broader than frequencynondegenerate type-I SPDC.
The joint spectral intensity function for cw-pumped frequency-nondegenerate type-I SPDC is, therefore, found to be,
and the complete spectral information about the SPDC photons can be found by investigating eq. (8). It is interesting to observe that while the phase mismatch function in eq. (6) is in general asymmetric, when the pump is monochromatic, the two-photon joint spectral intensity function for frequency-nondegenerate type-I SPDC becomes symmetric in ν, similarly to the case of cw-pumped type-II SPDC [30, 31] . We therefore expect from eq. (8) that the spectral properties of frequency-nondegenerate type-I SPDC would be similar to those of type-II SPDC, rather than those of type-I SPDC.
To conduct an experimental investigation of the twophoton joint spectral intensity function of frequencynondegenerate type-I SPDC, we employed the frequencyresolved coincidence detection method, see Fig. 1 [31, 37] . First, a type-I BBO crystal pumped by a cw argon laser operating at 351.1 nm generates a pair of entangled photons via the collinear frequency-nondegenerate type-I SPDC process. The signal and the idler photons are centered at 632.8 nm and at 788.7 nm, respectively. A beam splitter (BS) is used to split the beam into two spatial modes.
The experimental setup for measuring the joint spectral intensity function of collinear frequency-nondegenerate type-I SPDC. Two separate monochromators λ1 and λ2 are used for the joint spectral measurement.
The type-I BBO crystal was tuned for the desired frequency-nondegenerate SPDC condition by maximizing the coincidence between the two detectors D 1 and D 2 equipped with narrow-band spectral filters at 632.8 nm and at 788.7 nm, respectively. Once the correct angle of the BBO crystal has been set, the narrow-band filters were removed and monochromators λ 1 and λ 2 were placed in front of each detector for the frequencyresolved coincidence detection. In this experiment, a 1/4 m monochromator (CS260 from Oriel) with a 600 l/mm grating (blaze wavelength at 400 nm) and a 1/2 m monochromator (DK480 from CVI) with a 1200 l/mm grating blazed at 750 nm were used. They are respectively labelled as λ 1 and λ 2 in Fig. 1 . To focus and collimate the photons into and out of the monochromators λ 1 and λ 2 , a set of lenses with f = 25 mm and f = 50 mm were used, respectively. Figure 2 shows the calculated two-photon joint spectral intensity function using eq. (8) and the experimentally observed one. For the calculated two-photon joint spectral intensity function shown in Fig. 2 (a) , we assumed the collection angles for the SPDC photons to be 0.1
• and the bandwidth (at full width at half maximum) of the pump laser to be 0.1 nm. The experimental data shown in Fig. 2 (b) agree well with the numerically calculated one. The background shown in the experimental data are due to the accidental coincidences.
It is interesting to note that the joint spectral intensity functions shown in Fig. 2 (a) and Fig. 2 (b) appear to be asymmetric even though eq. (8) predicts a symmetric one. The reason for this discrepancy is that eq. (8) is expressed as a function of detuning frequency ν while the theory and the data plots in Fig. 2 (a) and Fig. 2 (b) are displayed in the wavelength scale as measured with the monochromators. Thus, to see how the energy of pump photon is distributed to the signal and the idler photons, it is more proper to analyze the joint spectral intensity function in detuning frequencies rather than in wavelengths. The conversion can be accomplished by using the relation between the wavelength and the frequency of a photon and by using the definition of the detuning frequency. The results of the conversion are shown in Fig. 2 in which the numerical and experimental joint spectral intensity functions are plotted in detuning frequencies ν 1 and ν 2 . The numerical and the experimental joint spectral intensity plots coincide well and they are Let us now discuss the single-photon spectral properties of cw-pumped frequency-nondegenerate type-I SPDC. The single-photon spectra for the signal or the idler photon of SPDC can be evaluated, for example, by scanning λ 1 in eq. (3) with the condition 1/λ 1 + 1/λ 2 = 1/λ p . Experimentally, this corresponds to measuring the spectral intensity of the signal or the idler photons with a grating monochromator. It is, however, difficult to accurately observe the small side lobes of sinc 2 function in eq. (3) due to the weak nature of SPDC and low transmission efficiencies of the monochromators. In this paper, therefore, we observe the single-photon first-order interference fringes of the signal or the idler photons of SPDC and the single-photon spectral properties can be deduced from the envelope of the interference fringes.
To see how the single-photon interference fringe is related to the spectral properties, it is necessary to calculate the expected interferogram shape at an output of a Michelson interferometer. The first step in calculating the interferogram is to evaluate the reduced density matrix for the signal photonρ s and it is given as [35] , whereρ = |ψ ψ|. The reduced density matrix for the idler photonρ i can be evaluated similarly.
The first order correlation function of the field is then calculated to be
where E (−)
and ω − Ω = ν. It is clear that the first-order correlation function has a Fourier-transform relationship to the power spectrum of the signal or the idler photon.
If we now consider the experimental setup shown in Fig. 3 , the normalized output R s of the detector as a function of the Michelson interferometer delay τ is calculated to be [36] 
where E (+) (t) = {a(ω) exp(−iωt) + a(ω) exp[−iω(t + τ )]}dω and g (1) (τ ) = |G (1) (τ )|/|G (1) (0)|. Thus, given the sinc 2 nature of the spectral property of the signal or the idler photon in eq. (8), we expect that the single-photon interferogram for cw-pumped frequency-nondegenerate type-I SPDC measured with the experimental setup in Fig. 3 would exhibit a triangular envelope as in the case of cw-pumped type-II SPDC reported in [35, 36] . Note that the triangular shaped envelope of the single-photon interference is due to the fact that the phase mismatch function is proportional to the first order in the detuning frequency ν as shown in eq. (8) .
The experimental setup for the single-photon interference is shown in Fig. 3 . To separate the SPDC photons completely from the strong pump noise, non-collinear SPDC is employed. In addition, a broadband filter was placed in front of the detector so that the actual spectral properties of the SPDC photons are not altered. First, the frequency-nondegenerate SPDC photon (the idler photon) centered at 788.7 nm, propagating at 3.5
• with respect to the pump laser, was selected and the interference fringe pattern was recorded as a function of τ . For the 632.8 nm signal photon, the BBO crystal was slightly tilted so that the 632.8 nm signal photon would be emitted at the same 3.5
• output angle. The experimental data for the single-photon interference are shown in Fig. 4 . It is evident that the frequencynondegenerate type-I SPDC photons exhibit triangular shaped single-photon interference envelopes and the observed patters coincide well with the theoretically calculated interference fringes using eq. (11) .
Since the single-photon interferogram in eq. (11) depends on the first-order correlation function, which is a Fourier transform of S(ν) as shown in eq. (10), the single-photon interference of the signal photon and its conjugate idler photon should show the identical width albeit with different oscillation fringes. The experimental data shown in Fig. 4 , however, show different widths of the interference envelopes. This is due to the fact that the two measurements are not done for the conjugate pair photon. As mentioned above, noncollinear phase matching was chosen to suppress the pump noise and 632.8 nm or 788.7 nm centered photons are then selected by slightly tilting the optic axis angle. For the 632.8 nm (788.7 nm) photon propagating at 3.5
• with respect to the pump, the optic axis angle for the BBO is calculated to be 33.97
• (33.74 • ). Due to the difference in the optic axis angle, the two interference fringe patterns exhibit different widths, Fig. 4(a) and Fig. 4(c) . The theoretically calculated interference fringes shown in Fig. 4(b) and Fig. 4(d) agree well with the experimental data and reflect the changes in the phase matching condition.
IV. ULTRAFAST-PUMPED FREQUENCY-NONDEGENERATE TYPE-I SPDC
In this section, we study the spectral properties of frequency entangled photon pairs generated via broadbandor ultrafast-pumped frequency-nondegenerate type-I SPDC. Since the joint spectral intensity function S in eq. (3) is defined as the product of the phase matching function and the pump envelope function, the joint spectral intensity function of the broadband-pumped SPDC would be strongly affected by the properties of the phase mismatch function ∆ z in eq. (6) . As discussed in section II, the phase mismatch function of the frequency-nondegenerate type-I SPDC in eq. (6) is asymmetric:
. Thus, in the case of broadband pumping, the joint spectral intensity function for frequency-nondegenerate type-I SPDC would exhibit asymmetry, similarly to the case of ultrafast-pumped frequency-degenerate type-II SPDC reported in Ref. [31] .
We have measured the two-photon joint spectral intensity function for ultrafast-pumped frequencynondegenerate type-I SPDC using the experimental setup similar to Fig. 1 . A 3 mm type-I BBO crystal was pumped by frequency-doubled output of a mode-locked Ti:Sa laser. The (frequency-doubled) pump pulse had the central wavelength of 408 nm and the full width at half maximum (FWHM) bandwidth of the pulse was 3.6 nm. The pump laser was focused with a f = 500 mm lens at the BBO crystal and the BBO crystal was setup so that frequency-nondegenerate SPDC photon pairs centered at 741 nm and 909 nm were propagating collinearly with the pump pulse. A beamsplitter was used to split the SPDC photon pair into two spatial modes and the reflected/transmitted SPDC photons were coupled into single-mode optical fibers which were connected to the spectral measurement setup. The spectral measurement was performed with two 1/2 m monochromators (CVI DK480) with a 830/mm groove grating blazed at 1200 nm. To focus and collimate the SPDC photons into and out of the monochromators, a set of lens with f = 40 mm were used.
The theoretically predicted and the experimentally obtained joint spectral intensity functions are shown in Fig. 5 . In Fig. 5(a) , the two-photon joint spectral intensity function calculated from eq. (3) for the present experimental conditions are shown. As before, we have assumed the collection angles for the SPDC photons to be 0.1
• . The experimental data shown in Fig. 5 (b) fits very well with the numerically plotted results in Fig. 5(a) .
To investigate how the energy of the pump photon is distributed to the SPDC photon pair, it is necessary to convert the joint spectral intensity functions Fig. 5(a) and Fig. 5(b) into functions of detuning frequencies ν 1 and ν 2 . The results are shown in Fig. 5(c) and Fig. 5(d) . The numerical simulation and the experimental data show excellent agreement and both exhibit that there exist asymmetry in the joint spectral intensity functions of ultrafast-pumped frequency-nondegenerate type-I SPDC. • collection angle. (b) Experimental data. The joint spectral intensity function is centered at the conjugate wavelengths of 741 nm and 909 nm. Two-photon joint spectral intensity as functions of detuning frequencies: (c) numerical calculation and (d) experimental data. Note that, differently from the cw-pumped case shown in Fig. 2 , the the joint spectral intensity function for ultrafastpumped frequency-nondegenerate type-I is asymmetric about the ν1 = ν2 axis. If the pump bandwidth is increased, the joint spectral intensity function would become more tilted in the direction of the arrows shown in (d).
V. DISCUSSION
Comparing the joint spectral intensity functions shown in Fig. 2 (cw-pumped) and in Fig. 5 (ultrafast-pumped) reveal a few interesting properties. First, for broadband pumping, the SPDC photons are distributed over broader spectral ranges than the cw-pumped case. This means that, for a given frequency of the signal photon, the conjugate idler photon has a broader spectral range in broadband-pumped case than in cw-pumped case. In other words, the degree of spectral entanglement (defined as the ratio of the single-photon spectral bandwidth to the conditional spectral bandwidth) between the photon pair is reduced as the pumping bandwidth becomes broader.
Second, while both the cw-pumped and the broadband-pumped cases exhibit frequencyanticorrelation, the joint spectral intensity function for the broadband-pumped case reveals asymmetry about ν 1 = ν 2 . Such asymmetry is not present in the joint spectral intensity function of cw-pumped frequency-nondegenerate type-I SPDC. Furthermore, it is expected from eq. (3) and eq. (6) that, as the pump bandwidth becomes broader, the asymmetry would become more pronounced in the direction of arrows in Fig. 5(d) . Note that this situation is similar to the case of frequency-degenerate type-II SPDC in which ultrafast-pumping causes an asymmetric joint spectral intensity function [31] .
Note also that frequencydegenerate type-I SPDC always exhibits a symmetric joint spectral intensity function regardless of the pump bandwidth [37] .
VI. CONCLUSION
In this paper, we have reported experimental and theoretical studies on the spectral properties of frequencynondegenerate type-I SPDC. In the case of cw-pumping, the two-photon joint spectral intensity function was found to be symmetric even though each photon had a different wavelength. We have shown that this is due to the fact that the joint spectral intensity function is forced to be symmetric by the narrow-band pumping condition even though the phase matching function itself is asymmetric. We have also demonstrated that the cw-pumped frequency-nondegenerate type-I SPDC exhibits a triangular single-photon interference envelope, which indicates that the spectral properties of SPDC photons are dependent on the first-order of the detuning frequency as in the case of cw-pumped type-II SPDC.
For broadband pumping, the photon pair was found to have asymmetric joint spectral intensity function, differently from the cw-pumped frequency-nondegenerate type-I SPDC but similarly to the ultrafast-pumped type-II SPDC. Note that frequency-degenerate type-I SPDC does not exhibit the kind of pumping bandwidthdependent behavior of the joint spectral intensity function.
Our study thus shows that frequency-nondegenerate type-I SPDC has spectral properties similar to those of type-II SPDC. We believe that the spectral studies reported here are expected to play important roles in developing ultrabright engineered two-color entangled photon sources.
